ranging from 0.4-4.5, 0.3-7.6, 0.9-4.9, and 0.4-1.2 g/m 3 , respectively. MICs formed 39 20 % of PM 2.5 on an average, but it could reach up to 80-98 %. The SO 2 , NO, NO 2 , HNO 2 , 21
and HNO 3 levels showed high seasonal and site-specific fluctuations. The NH 3 levels 22
were similar over all the sites (2-6 g/m 3 ), indicating its relation to the evenly 23 distributed animal husbandry activities. The sulfur and nitrogen oxidation ratios for 24 PM 2.5 point towards a low-to-moderate formation of secondary sulfate and nitrate 25 aerosols over five cities/towns, but their fairly intensive formation at the rural Wingene. 26
Cluster analysis revealed the association of three groups of compounds in PM 2.5 ; (i) 27 NH 4 NO 3 , KNO 3 ; (ii) Na 2 SO 4 ; and (iii) MgCl 2 , CaCl 2 , MgF 2 , CaF 2 , corresponding to 28 anthropogenic, sea-salt, and mixed (sea-salt + anthropogenic) aerosols, respectively. 29
The neutralization and cation-to-anion ratios indicate that MICs of PM 2.5 appeared 30 mostly as (NH 4 ) 2 SO 4 and NH 4 NO 3 salts. Sea-salt input was maximal during winter 31 reaching up to 12 % of PM 2.5 . The overall average Cl-loss for sea-salt particles of PM 2.5 32 at the six sites varied between 69 and 96 % with an average of 87 %. Principal 33 component analysis revealed vehicular emission, coal/wood burning and animal 34 farming as the dominating sources for the ionic components of PM 2.5 .
36
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Introduction

40
Sources, characterization and health effects of fine atmospheric aerosols 41 significantly differ from coarse particulates. [1] [2] [3] [4] [5] Fine particulate matter, referred to as 42 PM 2.5 , can penetrate deeper into the human respiratory-tract, thus increasing the risk of 43 pulmonary and mutagenic diseases. 6 The major ionic constituents (MICs), also referred 44 as water-soluble, ionic species in the literature, can comprise up to 60-70 % of the total 45 particulate mass 7 and show significant seasonal and site-specific variations.
2,5
46
Epidemiological data also indicate seasonal differences to the same particulate 47 exposure; for instance, more hospitalizations in summer than winter.
11 Acid-forming 48 constituents of MIC (e.g., sulfates, nitrates), related also to acidic rain, can cause severe 49 effects on human health. 8, 9 Moreover, they may increase the solubility of toxic organic 50 compounds by acting as surface active agents, thus increasing their toxicity. 10 
51
Fine aerosols also play an important role in global climate changes, directly, by 52 altering the total radiation budget of the earth-atmosphere via absorbing and scattering 53 solar radiation, and indirectly, by changing the depth and albedo of clouds.
12,13 Ionic 54 components of atmospheric aerosols can change the size, composition, particle density, 55 and lifetime of aerosols owing to their hygroscopic nature, making their effects rather 56 difficult to predict. Many recent studies 6,14 highlight the impact of fine particles on both 57 human health and global climate and suggests priority to identify and chemically 58 characterize this fraction. However, till date, only few studies have reported the mass 59 and MICs composition of PM 2.5 aerosol in Europe 15-25 , but not even one in relation to 60 the simultaneous monitoring of associated gaseous pollutants. 61
Considering this need, in this work, the mass and MICs of PM 2.5 , their diurnal 62 and seasonal patterns together with gaseous air pollutants were studied at six locations 63 of diverse anthropogenic influence. The study also focuses on the relationship between 64 Dionex ASRS-ULTRA and CSRS-ULTRA columns were applied for the anion and 114 cation exchangers, respectively. Calibration was made against two sets of standards, 115 each containing five solutions of either anions, or cations to be determined. Limit of 116 detection (LOD) data were calculated from eleven independent determinations of field 117 blank filters, which were subjected to the same chemical procedure as the sample filters. 118
The LODs were found to be 0. 
Sample preparation 125
Each sample filter was leached in 15 ml Milli-Q water in a Branson 2210 126 (Bransonic, Danbury, CT, USA) ultrasonic bath using 15 min trembling time as 127 described by Eyckmans et al. 26 The absorber-tubes of the denuders were leached in 10 128 ml Milli-Q water. The leachates and sample filters were stored in sealed plastic vessels 129 at 4 o C till processing. Each leachate was filtered through a Millex-GV membrane filter 130 with 0.22 m pore size to prevent any particle entering the IC columns. 131
Statistical evaluation 132
The methods of bivariate correlation analysis with the Pearson"s correlation 133 coefficient (r) at two-tailed significance level (p), hierarchical cluster analysis (HCA), 134 and principal component analysis (PCA) was applied using the SPSS software package 135 (version 13.0). For PCA, the methods of Varimax-rotation and Kaiser-normalization 136 were applied. Only principal components having >10 % of total variance of the data sets 137 were used as factors. For HCA, the molar concentration data of ions were standardized 138 with the Z-score method, and then the Ward"s method of clustering was applied with 139 squared Euclidean distance as a measure. 140 winter. These increased concentrations were possible due to the heterogeneous 233 formation of NO 2 -at a higher level of its gaseous precursor (HNO 2 ), supported also by 234 atmospheric conditions (high RH, precipitation, and/or low intensity of sunlight), as 235 explained below. 236
Results and discussion
Variation in the level of aerosol-forming gases 237
3.4.1 Denuder data -The ADCs of HNO 2 and HNO 3 were found to be similarly low 238
3 ) in Wingene (Table 3 ). In Mechelen, a similar pattern was observed in late 239 spring/summer with slightly increased values (0.8-1.0 g/m 3 ), whereas in the cold 240 season the level of HNO 2 was almost an order of magnitude higher (2.0 g/m 3 ) than that 241 of HNO 3 . Outstandingly high levels of HNO 2 were also detected at Petroleumkaai in 242 both (autumn and winter) campaigns. This was probably due to an increased 243 concentration, and thus, a higher extent of deposition of NO 2 , partly, by the high 244 amount of precipitation (Table 3) , which increasing its conversion rate to HNO 2 . NO 2 is 245 known to heterogeneously converted to HNO 2 , when deposits onto various surfaces 246 such as grass, aerosols partly, with the assistance of humidity. 36 The Petroleum-harbor 247 is often with high concentrations of NO x and suspended particulate (e.g., smoke), which 248 provides an appropriate medium to promote such reactions. The lower rate of 249 photochemical decomposition of HNO 2 by less favored atmospheric conditions (e.g., 250
low intensity of sunlight) may also contribute to the accumulation of this pollutant at the 251 sites concerned. (Table 3) . 275
The temporal variation in SO 2 , NO, and NO 2 levels obtained with direct 276 monitoring followed well the trend of SO 2 , HNO 2 , and HNO 3 levels achieved with the 277 indirect method, as well as trends of the related ionic components in PM 2.5 (Fig. 2) . 278 Therefore, this relationship was evaluated with the aid of conversion factors as follows. The SOR for PM 8.0 exceeding 0.1 shows that SO 2 is photochemically oxidized in 294 the atmosphere. 42 The present SOR data confirm a rather intensive formation of sulfate 295 aerosols over Wingene and a low-to-moderate conversion for other sites in Flanders 296 (Table 4) . Apparently, they did not reveal any site-specific and/or seasonal trend for 297
Hasselt, Borgerhout, and Petroleumkaai, but for Zelzate a higher SOR in 298 summer/autumn than winter. The outstandingly high SORs observed for Wingene may 299 be explained with the increased traffic of agricultural vehicles during the sampling 300 periods, which utilize the "agricultural" diesel with high sulfur content. Long range 301 transport of ship-emission related sulfur from the ship-routes of the North Sea is also a 302 plausible explanation. Furthermore, the high SOR could also be explained with the rural 303 characteristics of this site, where most of the SO 4 2-is secondary (i.e., no primary 304 sources nearby). It appears that SOR values are only lower, when SO 4 2-comes from 305 primary sources (e.g., marine or anthropogenic SO 4 2-). Interestingly, the SOR value is 306 higher in spring than summer (Table 4) . This indicates a faster transformation of SO 2 to 307 SO 4 2-, due to the higher number of sunny days with enhanced levels of O 3 , and a 308 contribution of other sources to SO 4 2-levels (e.g., traffic of diesel-fuelled vehicles) 309 during spring. Then again, surprisingly higher SOR has also been found for the 310 suburban site of Mechelen in the late autumn/winter than the late spring/summer 311 campaign. 312
The NOR data varied between 0.004-0.08 with an average value of 0.03, 313
supporting an effective formation of nitrate aerosols, but to a lower extent than that of 314 sulfates (Table 4 ). The NOR is generally found to be lower than SOR. 44 The present 315 NOR data have shown a higher site-specific and seasonal variation than SORs. The 316 partition of inorganic NO 3 -between gaseous HNO 3 and particulate NH 4 NO 3 is driven 317 towards the latter in the cold season. 45 Most of the NOR data for Flanders support this 318 observation. The exception was Wingene again with a higher NOR value for spring than 319 summer, which is expected, since the ambient temperature is higher in summer than 320 spring. Interestingly, the NOR data of Wingene followed the same seasonal trend as 321 observed for SORs; whereas the seasonal variation for SOR and NOR was the opposite 322 for other sites, a similar trend to that reported for SO 4 2-and NO 3 -.
3,35 The trend for 323
Wingene might be explained with the high amount of precipitation during the summer 324 period, which can regulate the concentration of gases and aerosols. 325
On the base of SOR data one can classify a site as a source and/or a receptor 326 area. 46 The SOR in the ranges of 0.05-0.35 and 0.15-0.49 in winter, and 0.09-0.48 and 327 0.30-0.63 in summer, correspond to source and receptor areas, respectively. For PM 10 328 aerosol, however, the SOR values are generally higher by around 1.2-fold. Table 2 ). The enhanced sea-salt 364 input to Flanders observed during this study can be explained with the prevailing marine 365 winds over the sampling period (Table 1) . 366
As a first approach to estimate the sea-salt Cl-loss, suspended Na + was assumed 367 to be derived only from sea-salt particles. 42 Considering that Cl sea is the amount of Cl For the first and second campaigns, Cl sea ranged from 0.7-1.5 and from 0.8-2.2 375 g/m 3 , respectively, while Cl loss varied between 0.5-1.4, and 0.8-2.1 g/m 3 , respectively 376 (Table 4) , corresponding to 69-95 % and 92-96 % sea-salt Cl-loss with average values 377 of 79 and 93 %, respectively. Most of these values are comparatively higher than those 378 observed at coastal cities, 32 suggesting a more limited transport of fine sea-salt particles 379 from the marine environment to terrestrial areas, due to more intensive atmospheric 380 removal processes (e.g., reaction of sea-salt with secondary aerosols). 381
Other possibility for Cl-loss is the conversion of fine sea-salt to coarse, "aged" 382 particles with a short atmospheric life-time, due to rapid deposition. The Cl-loss from 383 sea-salt particles has been found to be higher for fine particles. 48 In this study, sites 384 situated further from the sea (e.g., Hasselt) and/or possessing strong anthropogenic 385 influence (e.g., Petroleumkaai) showed higher Cl-loss in PM 2.5 . It followed, therefore, 386 that the rural Wingene, as the closest (~30 km) site to the coast, experienced the lowest 387
Cl-loss. 388
Source apportionment of PM 2.5 in Belgium 389
Correlation analysis -SO 4
2-and NH 4 + was reported as the most abundant species 390 in PM 2.5 , while NO 3 -and Na + were found in both fine and coarse particles of 2.5-100 391 m size. 38 Moreover, correlation of NO 3 -was observed with Na + (r=0.4). Particulate NO 3 -is 395 mainly formed by oxidation of NO x to HNO 3 , which then forms particles through the 396 reaction either with NaCl, or NH 3 .
41 SO 4 2-was weakly correlated with other ions of 397 PM 2.5 , indicating its widespread presence and formation from SO 2 over Flanders. 398
However fluoride could be of natural (crustal) origin but it seems primarily from 399 anthropogenic sources (e.g., steel/aluminum smelters, coal fueled power plants, and 400 super-phosphate fertilizer manufacture). Oravisjarvi et al. 50 have also suggested that 401 particles between 2.5 and 10 µm in size are more related to a soil source instead of 402 PM 2.5 . The level of F -was significantly anti-correlated with that of Na + (r=-0.66, 403 p=0.05), and weakly with that of SO 4 2-(r=-0.55). Mixtures of these groups were also present, certainly, with a lower abundance. The first 413 group represents aerosols that originate mostly from combustions of coal/wood and 414 secondary aerosol formation. The second is Na 2 SO 4 , which is formed in reaction of sea-415 salt with H 2 SO 4 . The third group is assumed to be the reaction-products of sea-salt with 416 anthropogenic (mainly combustion) aerosols and/or soil-dust. 417
Source apportionment by PCA 418
To enhance the accuracy of emission sources identification and their relative 419 contribution, the method of PCA was also applied. Normalized levels of gaseous, ionic, 420 and fine particles were used for PCA and subsequent results are shown in Table 5 . The 421 factor loading correlates these variables and they represent the most important 422 information on which interpretation of the factors is based. However, it has to be 423 noticed that Table 5 shows only factors having an eigen value above 1 with a variance 424 of more than 10% and this results in two main factors for each site. First factor is 425 generally more correlated with the variables than the second factors because these 426 factors are extracted successively, each one accounting for as much of remaining 427 variables as possible. 428
For all the sites, factor 1 shows high factor loadings for N-and S-species, which 429 indicates the formation of secondary aerosols, and supports the conclusions for SOR 430 and NOR. Both NO 3 -and SO 4 2-are largely produced as secondary aerosols during coal 431 combustion, biomass burning and vehicular emission. 45 They seem to be also dominant 432 sources of MIC of PM 2.5 in Belgium, which is a similar result to that found for 433
Beijing.
46 Factor 1 also has high factor loadings of Cl -and F -at Petroleumkaai and for 434 factor 2 at Hasselt, respectively. Both sites have significant ship-traffic and also 435 influenced by industrial emissions. Hence, Cl -at these sites may also originate from 436 anthropogenic activities. At Hasselt a nearby paper industry may also explain the factor 437 loading for Cl 
